Biochar may potentially absorb heavy metals from aqueous solutions. In this study, biochar was derived from the pyrolysis (~600°C) of 11 plants that are widely distributed across the mid-west forest land of China. The three kinds of biochar with the highest cadmium (Cd) adsorption capacities were further investigated to establish their adsorption kinetics and isotherms. The results showed that biochar derived from walnut trees (W-Biochar), wild cherry trees (C-Biochar), and bamboo (B-Biochar) had the greatest adsorption capacity. Their order was B-Biochar (19.12 mg/g) > C-Biochar (18.8 mg g) > W-Biochar (18.06 mg/g). The optimal biochar dosage was 2 g/L at pH = 5. A pseudo-second-order model explained the adsorption kinetics with rate constants of 0.043 g·mg ·min -1 (W-Biochar). It took 40 min to reach adsorption equilibrium, which was responsible for the Langmuir isotherm. The Fourier Transform Infrared spectrophotometer (FTIR) results showed that the hydroxyl and carboxyl groups on the biochar surface improved Cd 2+ adsorption. The scanning electron microscope results showed that the three biochars had different microstructures, which were probably responsible for their different adsorption capacities.
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The adsorption properties of biochar derived from woody plants or bamboo for cadmium in aqueous solution 
b s t r a c t
Biochar may potentially absorb heavy metals from aqueous solutions. In this study, biochar was derived from the pyrolysis (~600°C) of 11 plants that are widely distributed across the mid-west forest land of China. The three kinds of biochar with the highest cadmium (Cd) adsorption capacities were further investigated to establish their adsorption kinetics and isotherms. The results showed that biochar derived from walnut trees (W-Biochar), wild cherry trees (C-Biochar), and bamboo (B-Biochar) had the greatest adsorption capacity. Their order was B-Biochar (19.12 mg/g) > C-Biochar (18.8 mg g) > W-Biochar (18.06 mg/g). The optimal biochar dosage was 2 g/L at pH = 5. A pseudo-second-order model explained the adsorption kinetics with rate constants of 0.043 g·mg ·min -1 (W-Biochar). It took 40 min to reach adsorption equilibrium, which was responsible for the Langmuir isotherm. The Fourier Transform Infrared spectrophotometer (FTIR) results showed that the hydroxyl and carboxyl groups on the biochar surface improved Cd 2+ adsorption. The scanning electron microscope results showed that the three biochars had different microstructures, which were probably responsible for their different adsorption capacities.
Introduction
Cadmium (Cd) pollution has become a severe environmental issue in China and around the world. The Cd pollution is mainly caused by mining and smelting procedures, the over-use of chemical fertilizers and pesticides, and atmospheric deposition, etc. [1, 2] . It has been reported that the Cd 2+ has several adverse effects on human health, including damage to the liver, lungs, and bones, which may lead to severe diseases, such as cancer and other fatal disorders [3] . Many methods have been used to remove Cd 2+ from aqueous solutions, including chemical precipitation, membranes, and ion exchange and adsorption, etc. [4] . Among these methods, adsorption is widely adopted for the in-situ remediation of heavy metals in polluted soil because it is a low-cost method that is highly efficient and simple to operate [5] .
Considerable attention has been paid to biochar, which is commonly derived from the pyrolysis of biomass, such as agricultural waste (chicken manure, pig manure, sawdust, straw, etc.), industrial organic waste, and urban sludge [6] , etc. The biochar contains unique surface physicochemical properties (loose porosity and a large specific surface area with a variety of surface groups), which are useful for metal ions adsorption. Biochar has been shown to be very effective in immobilizing, adsorbing, and sequestering a number of heavy metals, such as lead (Pb), chromium (Cr), Cd, and zinc (Zn), in soils and water [7, 8] . The interactions between metal ions and the biochar surface are related to complexation reactions and ion exchange, precipitation, and surface adsorption mechanisms [9, 10] . The adsorption of heavy metal ions by biochar is reversible via non-electrostatic physical adsorption with weak affinities. Biochars derived from different raw materials and with different pyrolysis parameters (such as temperature, heating rate, and residence time, etc.) normally show different adsorption capacities for different metals [11] [12] [13] . For example, biochar derived from swine manure digestate had an 83.98% removal efficiency for As (III) [11] ; and biochar derived from olive mill solid waste can remove > 80% of the lead and copper [12] . Therefore, new materials should be investigated, especially solid wastes, as raw materials in the preparation of biochars that could be used for heavy metal stabilization and immobilization.
The development of forestry planting and related industries has led to the creation of large amounts of forestry residues. However, little attention has been paid to the disposal of these forestry residues, which has led to resource waste and a potential ecological problem. The conversion of forest wood into biochar is a useful way of reusing forest wood waste. However, previous research on the adsorption-reduction process was not systematic and comprehensive. Therefore, the Cd adsorption capacity of biochar derived from woody and bamboo plants needs to be investigated.
In this study, a number of biochars were prepared by pyrolyzing 11 potential biochar materials at 600°C. The materials were either woody plants or bamboo, which were widely planted across EnShi in the mid-west forest land of China. The three biochar types with the highest adsorption capacity for Cd 2+ were selected for further investigation. This study examined the Cd removal capacity, potential adsorption mechanism, and the kinetics of these biochars.
Materials and methods

Materials
Eleven types of wood chips (chestnut tree, poplar tree, wild cherry tree, Rhus chinensis, cedarwood, ginkgo tree, cedrela, Pinus massoniana, Eucommia ulmoides tree, walnut tree, and bamboo) were selected as raw materials for biochar preparation. The samples were collected from Enshi Forest Nature Reserve, which is located in mid-west China. The crushed materials were washed to remove impurities and then dried to constant weight at 80°C.
Preparation and selection of the best biochars
The biochars produced by the plants were first put into ceramic crucible with a lid and then heated in a muffle furnace to 600°C for 4 h. Then, the hot products were cooled to room temperature and ground into a fine powder.
The 11 types of biochar were added to Cd(NO 3 ) 2 solution at a concentration of 2 g/L. The mixture samples were then shaken in a water-bath set to a constant temperature of 25°C and vibrated at 120 rpm for 2 h. Following this, the samples were centrifuged at 5000 rpm and filtered through a 0.45 µm membrane. The Cd 2+ concentration was detected by Atomic Absorption Spectroscopy (AAs). All the experiments were performed in triplicate.
The three biochars with the highest Cd 2+ removal rates were selected for further investigation.
Batch equilibrium experiment
The optimal dosage and pH were measured using a batch equilibrium experiment. The biochars were added to 20 mg/L Cd(NO 3 
The solution pH values ranged from 2.0 to 9.0 with an interval value of 1.0. The mixture samples were shaken at 120 rpm and 25°C for 2 h. Then, the mixtures were centrifuged at 5000 rpm and filtered through a 0.45 µm membrane for Cd 2+ analysis by AAs. All the experiments were performed in triplicate.
The isoelectric point of the biochar was determined from the ΔpH values. The initial pH values of the NaCl solution (20 mL of 0.01 mol/L solution) were moderated by NaOH or HCl solution so that they ranged between about pH 2.0 and 9.0. Then, 0.01 g of the each of the three biochars was added to the above NaCl solution. The mixture was heated to 30°C and shaken at 150 rpm for 24 h to ensure that the reaction was sufficient. The pH values analysis was performed in triplicate.
Adsorption kinetics
The adsorption kinetics were measured using a batch equilibrium experiment. The three biochars were each added to 20 mg/L Cd(NO 3 ) 2 solution, and the optimum dosage and pH were selected. The mixture samples were shaken at 25°C and 120 rpm for 5, 10, 15, 20, 30, 40, 50, 60, 80, 100, or 120 min. Then, the mixtures were centrifuged at 5000 rpm and filtered through a 0.45 µm membrane for Cd 2+ analysis by AAs. All experiments were performed in triplicate.
Adsorption isotherms
The adsorption isotherms were determined using batch adsorption at a constant temperature (25°C), with mechanical shaking (~120 rpm), and a contact time of 1 h. The initial Cd 2+ concentrations ranged between 5 and 60 mg/L, which were prepared by diluting the stock solution (1.0 g/L Cd 2+ ). The three biochars were each added to the Cd 2+ solution at the optimal biochar dosages and pH values. Then, the mixtures were centrifuged at 5000 rpm and filtered through a 0.45 µm membrane for Cd 2+ analysis by AAs. All experiments were performed in triplicate. The adsorption capacity and removal efficiency were calculated from the following equations [14] :
where, Q e is adsorption capacity (mg/g); C 0 is the initial solution concentration (mg/L); C e is the equilibrium solution concentration (mg/L); V is the solution volume (L); and m is the biochar mass (g).
Sample characterization
The biochar was mixed with mono crystal KBr (CAS:7758-02-3, SP grade, Aladdin) in a 1/100 m/m ratio and was tableted. The tablets were analyzed by a Fourier transform infrared spectrophotometer (FTIR, VERTEX 70, Bruker) in the 4000-400 cm −1 wavenumber range so that the surface functional groups could be determined. A scanning electron microscope (SEM) was used to analyze the biochar micro structure. The biochar had previously been coated with a gold palladium film. Fig. 1 shows Cd 2+ adsorption onto the 11 types of biochar. It shows that the Cd 2+ removal efficiencies varied greatly depending on the biochar type. The W-Biochar (biochar derived from walnut trees), C-Biochar (biochar derived from wild cherry trees) and B-Biochar (biochar derived from bamboo) had the best adsorption capacities with removal efficiencies of over 90% (initial Cd 2+ concentration 2 g/L).
Results and discussion
Biochar selection
Biochar characterization
Fourier transform infra-red spectroscopy results
The FTIR spectra for B-Biochar, W-Biochar, and C-Biochar are shown in Fig. 2 . The three biochar types had IR absorption peaks at 3431 cm -1 and 1383 cm -1 , and a pointed shape. The 3431 cm -1 peak was assigned to the free -OH stretching vibration and the 1383 cm -1 peak was attributed the X-Y stretching vibration (δ as C-O), which was assigned to C-O in carboxylate [15] . These results indicated that the biochar surface was rich in hydroxyl and carboxyl groups. The carboxyl group could help retain toxic metals, which is crucial for metal sorption or stabilization [16] [17] [18] . Furthermore, the precipitation and surface complexation of Cd 2+ with phenolic hydroxyl was also responsible for Cd 2+ removal [19] . The highly conjugated aromatic structure may also compound with cations through the formation of cation-π [20] [21] [22] [23] , which depends on aromatization of the biochar surface. In this situation, adsorption was less affected by the surface charge of the biochar and the solution pH values. Therefore, it can be concluded that these three types of biochar, which contain hydroxyl and carboxyl groups, are suitable for Cd 2+ adsorption.
Scanning electron microscope results
The SEM morphologies of the three biochars are shown in Fig. 3 . The results suggest that the B-Biochar surface had more pore structures and adsorption active sites than the W-Biochar and C-Biochar. These differences meant that B-Biochar had a higher adsorbing capacity than the others, which was in accordance with Fig. 1 . The surface morphology of the C-Biochar showed that it was composed of a regular texture grooved structure with a few small sized pores. The C-Biochar surface was more regular and smoother than the other two biochars. The whole surface of the W-Biochar was uneven and irregular with a plurality of melt-adhesion phenomena. This resulted in less effective adsorption and was consistent with the previous experimental observations (section 3.1).
Adsorption optimization
Dosage effects
The effects of dosage on biochar adsorption performance are shown in Fig. 4 . The results showed that Cd 2+ removal efficiencies gradually rose as the bichar dosage increased when it was below 2 g/L. At higher dosages, it tended to be a flat curve, and the removal rates no longer increased as the biochar dosage increased. One possible reason could be that when the amount of biochar added was small, the total amount of active adsorption sites on the surface that could bind Cd 2+ was low and tended to be saturated. The removal efficiencies of the B-Biochar, W-Biochar, and C-Biochar were 95.6%, 90.3%, and 94.0%, respectively when the concentration was 2 g/L. The adsorption efficiency of the three biochars for Cd 2+ varied and followed the order: B-Biochar > C-Biochar > W-Biochar. In general, the results showed that the optimal dosage for the three biochars was 2 g/L.
Effect of pH value
The pH value is one of the most critical parameters for Cd 2+ sorption because it influences the surface charge, ionization degree, and speciation of the pollutant [24] . The effects of pH on Cd 2+ adsorption are shown in Fig. 5 . The results showed that the removal efficiencies of B-Biochar and W-Biochar increased as the initial pH rose from 2.0 to 4.0, and the removal rate of C-Biochar rose as the initial pH increased from 2.0 to 6.0. Therefore, the results suggest that the optimal pH value for Cd 2+ adsorption was 5.0 in this study. Similar acidic conditions were suitable for biochar produced from corn stover [25] .
Cadmium predominantly exists as Cd(OH) 2 at pH > 8, Cd(OH) + at pH 7.0-8.0, and as Cd 2+ at pH < 7 [26] (Fig. 6 ). At lower pHs, the Cd exists as free Cd 2+ ions with soft acid characteristics, which are more likely to interact with the carboxyl groups because they are soft bases. This enhances the adsorption capacity. However, the higher concentration and mobility of H + ions in solution means that they compete with the Cd 2+ for activated sites on the adsorbent. This leads to the transformation of carboxyl and hydroxyl groups into -COOH and -OH, which decreases metal ion adsorption. As the pH increases, the H + concentration decreases and more negative active sites are available, which leads to the increased adsorption of Cd 2+ species. At pH values above 7.0, the Cd species are predominantly Cd(OH) + and Cd(OH) 2 . However, the removal efficiency by precipitation increases as the adsorption removal efficiency decreases [27] , which means that ion exchange and the complex formation process are the major mechanisms for Cd removal. In this case, the Cd 2+ is removed from the solution by adsorption as well as by precipitation. Therefore, an optimum initial pH of 5.0 was chosen to perform all subsequent adsorption experiments. The pH zpc of an adsorbent is an important parameter, and the adsorbent surface is electrically neutral at the pH zpc point. The relationship between initial pH and ΔpH is shown in Fig. 7 . The pH zpc values for W-Biochar, C-Biochar, and B-Biochar were 4.85, 4.68, and 5.32, respectively. Changes in the solution pH could influence the electrostatic interaction between Cd complexes and the adsorbent [28] . When the pH < pH pzc , the biochar surface was protonated. This meant that there was greater electrostatic repulsion of the positively charged Cd
2+
. When pH > pH pzc , the surface was deprotonated and the electrostatic attraction between biochar and Cd 2+ resulted in an enhanced adsorption capacity. Therefore, The results indicated that electrostatic interactions, precipitation, and coordination might be involved in Cd 2+ adsorption onto biochar.
Kinetics and adsorption isotherms 3.4.1. Kinetics of the different biochars
The kinetic equation for the adsorption process can be used to describe the adsorption rate. The data could be fitted by a kinetic model that can then be used to investigate the adsorption mechanism. In this study, the following two models were used to determine the kinetics of the Cd 2+ adsorption process:
1. The linear forms of the pseudo-first-order kinetic model was expressed as described in [29] :
where k 1 is the rate constant of the pseudo-first-order kinetic model, (1/h) and q t represents the adsorption uptake capacity at time t (mg/g). 2. The pseudo-second-order kinetic model was expressed in linear form by Eq. (4), as described in [29] :
where k 2 is the adsorption rate constant (g/(mg·h)).
The kinetic fitting data is shown in Table 1 . The results showed that the pseudo-second-order model gave a higher correlation coefficient (R 2 ) than the pseudo-first-order model (Fig. 8) . The q e.cal (calculated adsorption capacity) was closer to q e.exp (experimental adsorption capacity) with a relative error below 1%. Therefore, the adsorption process could be described by the pseudo-second-order rather than the pseudo-first-order kinetic model. The pseudo-second-order kinetic model was based on the assumption that the adsorption rate was controlled by a chemisorption mechanism. The mechanism involves the sharing or transfer of electron pairs between the adsorbent. It has been reported that the Cd 2+ is attached to the biochar surface by a chemisorption mechanism [30] . Therefore, the results indicated that the chemical process might be the rate-limiting step in the Cd 2+ adsorption process. Fig. 9 shows that the biochar had a fast adsorption effect on Cd 2+ , and the majority of Cd 2+ in solution was adsorbed in the first 20 min. This was the rapid adsorption stage. During this stage, the Cd 2+ removal efficiencies were more than 80%. Between 20-40 min, removal efficiencies increased slowly. Therefore, this stage is called the slow adsorption stage. Above 40 min, adsorption equilibriums were achieved and the removal efficiencies no longer increased. The adsorption process might be described as follows: (1) The Cd 2+ was initially adsorbed onto the outer surface of the biochar. (2) Then, the adsorbate gradually moved from the macropores into micropores via transition holes, which meant that the Cd 2+ transfer rate gradually decreased in the inner pores. (3) Finally, the adsorption capacity slowly increased until the adsorption equilibrium point was reached.
Adsorption isotherms
The relationship between Cd 2+ equilibrium concentrations and adsorption capacities are shown in Fig. 10 . The results indicated that the adsorption capacity increased as the initial Cd 2+ concentration rose. When the Cd 2+ reached an equilibrium concentration, the adsorption capacity remained basically unchanged.
In this study, the Langmuir Eq. (5) and Freundlich Eq. (6) were used to fit the experimental data. The Langmuir equation is a theoretical derivation formula, and the Freundlich equation is a pure empirical formula expressed in the form of an exponential adsorption isotherm [31, 32] :
where q m is the maximum adsorption capacity, which is an important indicator of adsorption performance (mg/g); b is the Langmuir adsorption characteristic constant and shows the relationship between the adsorbent and the adsorbate (L/g). The adsorption affinity increases at higher b values. K F is a parameter of Freundlich adsorption capacity and n is an empirical parameter that describes the adsorption strength, which is directly related to the heterogeneity of the adsorbents. Figs. 11 and 12 show that the equilibrium data were better simulated by the Langmuir isotherm than the Freundlich isotherm because it had higher R 2 values. This suggested that monolayer chemisorption of Cd 2+ might occur on homogeneous biochar surfaces. The maximum equilibrium adsorption capacities derived from the Langmuir model were 16.85 mg/g, 10.62 mg/g, and 21.45 mg/g for C-Biochar, W-Biochar, and B-Biochar, respectively. The results were consistent with the experimental values.
Potential mechanisms
Adsorption capacity is affected by the number of activated sites [33] . It increases as the Cd 2+ concentration rises and gradually reaches an upper adsorption limit asymptote because of the limited number of sorption sites on the biochar surfaces [34] . At low Cd 2+ concentrations, the activated sites are relatively abundant, which leads to increased Cd 2+ attachment. In contrast, Cd 2+ removal efficiency starts to fall at higher levels due to the lack of available adsorption sites. Surface morphology directly affected the number of active sites on the biochar surfaces and it was reason that caused the differences in the adsorption capacities of the three biochars.
Ion exchange is an important Cd 2+ biochar adsorption mechanism [35] and can be expressed as follows [36] :
The ion exchanges that took place were between positively charged Cd 2+ and negatively charged groups in the barchar structure, which is a non-specific adsorption process with low energy requirements [37] . Solution pH is an important factor in the ion exchange process. Higher H + concentrations prevents the deprotonation process in highly acidic environments. Furthermore, Cd(OH) + and Cd(OH) 2 become the dominant species at high pH levels, and optimum adsorption is not reached in the above pH range [38] . Therefore, electrostatic interactions, precipitation and coordination might be responsible for Cd 2+ adsorption onto biochar, whereas ion exchange might be the main mechanism at pH 5. The highly conjugated aromatic structure may also compound with cations through the formation of cation-π, which could promote the adsorption progress. The kinetics analysis suggests that the chemical process might be the rate-controlling step in the Cd 2+ adsorption process.
Conclusions
Biochars derived from the woody plants and bamboo investigated in this study could be used to remove Cd 2+ . The optimal adsorption conditions were a biochar dosage of 2g/L and pH = 5.0. The Cd 2+ adsorption performance order for the three best performing biochars was B-Biochar > C-Biochar > W-Biochar, and the adsorption process conformed to the pseudo-second-order kinetic model. It took 40 minutes to reach adsorption equilibrium, and isothermal adsorption could be described by the Langmuir isotherm equation with maximum adsorption capacities of 15.81 mg/g, 9.83 mg/g, and 19.46 mg/g for C-Biochar, W-Biochar, and B-Biochar, respectively. The hydroxyl and carboxyl functional groups, and the special micropore structure suggested that biochar derived from woody plants or bamboo are promising materials that could be used to ameliorate Cd 2+ contamination. 
